1 2 Many hard and soft corals harbor algae for photosynthesis. The algae live inside coral cells 3 in a specialized membrane compartment called symbiosome, which shares the 4 photosynthetically fixed carbon with coral host cells, while host cells provide inorganic 5 carbon for photosynthesis 1 . This endosymbiotic relationship is critical for corals, but 6 increased environmental stresses are causing corals to expel their endosymbiotic algae, i.e. 7 coral bleaching, leading to coral death and degradation of marine ecosystem 2 . To date, the 8 molecular pathways that orchestrate algal recognition, uptake, and maintenance in coral 9 cells remain poorly understood. We report chromosome-level genome assembly of a fast-10 growing soft coral, Xenia species (sp.) 3 , and its use as a model to decipher the coral-algae 11 endosymbiosis. Single cell RNA-sequencing (scRNA-seq) identified 13 cell types, including 12 gastrodermis and cnidocytes, in Xenia sp.. Importantly, we identified the endosymbiotic cell 13 type that expresses a unique set of genes implicated in the recognition, 14 phagocytosis/endocytosis, maintenance of algae, and host coral cell immune modulation. By 15 applying scRNA-seq to investigate algal uptake in our new Xenia sp. regeneration model, 16 we uncovered a dynamic lineage progression from endosymbiotic progenitor state to 17 mature endosymbiotic and post-endosymbiotic cell states. The evolutionarily conserved 18 genes associated with the endosymbiotic process reported herein open the door to decipher 19
differences of the endosymbiotic lifestyle among different coral species. 22
23 Similar to other endosymbiotic cnidarian, corals take up the Symbiodiniaceae family of 24 dinoflagellate algae into their gastrodermis through feeding. Some cells in the gastrodermis, 25 lining the digestive tract, appear to have the ability to recognize certain types of algae. Through 26 phagocytosis and by modulating host immune responses, the correct alga type is preserved and 27 enclosed by endomembranes to form symbiosomes in coral cells 1 . The symbiosome membrane is 28 believed to contain transporters that mediate nutrient exchange between the algae and host cells 4 . 29
In recent years, many comparative transcriptome analyses were performed on whole organisms 30 to identify gene expression changes before and after algae colonization or bleaching using 31 different cnidarian species. This led to the identification of genes whose up-or down-regulation 1 could contribute to endosymbiosis. Comparative genomic and transcriptomic information in 2 endosymbiotic and non-endosymbiotic cnidaria species were also used to search for genes that 3 may have evolved to mediate recognition or endocytosis of Symbiodiniaceae 5-8 . These 4 approaches, however, do not differentiate whether the altered genes are expressed in the host 5 endosymbiotic cells or other cell types without additional criteria. Protein inhibition or activation 6 studies were also used to suggest the host proteins containing C-type lectin domains, scavenger 7 receptor domains, or thrombospondin type 1 repeats to be involved in algal uptake and 8 immunosuppression [9] [10] [11] . The broad expression and function of these proteins coupled with 9 potential off-target effects of inhibitors greatly limit data interpretation. Therefore, a systematic 10 description of genes and pathways selectively expressed in the host endosymbiotic cells is much 11 needed to begin to understand the potential regulatory mechanisms underlying the entry, 12 establishment, and possibly expulsion of Symbiodiniaceae. 13
To enable systematic study of coral biology, we reason that it is important to first define 14 gene expression characteristics of each cell type in corals because it would offer an opportunity 15 to identify the molecular signature of the cell type that performs endosymbiosis. We focused on a 16 soft coral pulsing Xenia sp. (Fig. 1a, b , Supplementary Video 1) that grows in a laboratory 17 aquarium rapidly. Using Illumina short-read and Nanopore long-read sequencing (Extended data 18
Tables 1, 2), we assembled the Xenia genome into 556 high quality contigs. Applying 19 chromosome conformation capture (Hi-C) 12 , we further assembled these contigs into 168 20 scaffolds with the longest 15 contain 92.5% of the assembled genome of 222,699,500 bp, which 21 is similar to GenomeScope estimated genome size ( Fig. 1c, Extended Data Fig. 1 ). The Xenia 22 genome has by far the longest scaffold length and thus most contiguous assembly compared to 23 the published cnidarian genomes (Fig. 1d ). Genome annotation using several bulk RNA-24 sequencing (RNA-seq) data showed that Xenia sp. has similar number of genes as other cnidaria 25 (Extended Data Tables 3, 4). Consistent with previous phylogenetic analysis 13 , soft corals Xenia 26 sp. and Dendronephthya gigantean grouped together, they branched later than the freshwater 27
Hydra from the stony corals, and they are more distantly related to the stony corals than 28
Nematostella and Aiptasia (Fig. 1e ). 29
We next performed single cell RNA-seq (scRNA-seq) 14 of whole polyps, stalks, or 30 tentacles using the 10xGenomics platform. By t-distributed stochastic neighbor embedding (t-RNAscope ISH for two cluster 13 marker genes, one encoding a protein with Lectin and Kazal 23 Protease inhibitor domains (LePin) and the other encoding Granulin 1, showed expression of 24 both genes in algae-containing gastrodermis cells ( Fig. 3e , Extended Data Fig. 3e, f) . Thus, of 25 the 3 gastrodermis cell types, cluster 13 cells play a unique role in endosymbiosis. 26 Among the top 43 marker genes highly enriched in cluster 13 endosymbiotic cells, 30 27 encode proteins with domains of known or predicted functions, including receptors, extracellular 28 matrix proteins, immune response regulators, phagocytosis/endocytosis, or nutrient transports 29 ( Fig. 3f , Extended data Fig. 4 , Supplementary Table 3 ). Three proteins, encoded by CD36, 30 DMTB1, and CUZD1, contain CD36 or scavenger receptor (SR) domains known to recognize a wide range of microbial surface ligands and mediate their phagocytosis, while modulating host 1 innate immune response (Extended Data Fig. 4a ) 10, 19, 20 . Among them, CUZD1 is least 2 understood, but it is similar to DMBT1 in domain organization. Like CD36, DMBT1 functions 3 in pattern-recognition of microbes. DMBT1 is expressed on the surface of mammalian gastro-4 intestinal tracts where it recognizes poly-sulfated and poly-phosphorylated ligands on microbes, 5 represses inflammatory response, and regulates gastro-intestinal cell differentiation 21 . LePin and 6
Granulin1, used in ISH, have homologs in Aiptasia, stony and soft corals. Since LePin has an N-7 terminal signal peptide followed by multiple domains including H-and C-type lectins and Kazal 8 type serine protease inhibitor (Extended Data Fig. 4b ), it may confer selectivity for 9
Symbiodiniaceae. Granulin1 is one of three Granulin-related genes expressed selectively in 10 endosymbiotic cells and in mammals Granulins were shown to modulate immune response 22 . 11 Phagocytosis of Symbiodiniaceae by the similar sized gastrodermis cells requires 12 substantial host cell expansion, but genes regulating the expansion have remained unknown. 13
Among the endosymbitoic marker genes, we found Plekhg5, which encodes a highly conserved 14 RhoGEF (Extended Data Fig. 4c ). The Xenopus Plekhg5 localizes to the apical membrane of 15 epithelial cells and recruits actomyosin to induce cell elongation and apical constriction 23 . Thus, 16
Plekhg5 is a prime candidate in regulating the apical membrane extension of endosymbiotic cells 17 to engulf Symbiodiniaceae during early stages of phagocytosis. Upon phagocytosis, 18
Symbiodiniaceae are enclosed by the host membrane to form symbiosomes 24 . Although the 19 symbiosome compartment is acidified similarly to lysosomes 25 , it is unclear whether specific 20 genes are involved in symbiosome formed. Xenia sp. has two genes encoding lysosome-21 associated membrane glycoproteins (Lamp) that are more similar to the characterized Lamp1 22 than Lamp2. The Xenia Lamp1-L encodes a larger protein and is an endosymbiotic marker gene, 23
whereas the Lamp1-S encodes a smaller Lamp1 and is uniformly expressed across cell clusters 24 (Extended Data Fig. 4d, e ). Since Lamps are known to regulate phagocytosis, endocytosis, lipid 25 transport, and autophagy 26 , Lamp1-L may regulate symbiosome formation and/or function. 26 Several endosymbiotic marker genes encode enzymes that may promote the establishment of 27 endosymbiosis or facilitating nutrient exchanges between algae and the host. For example, a-CA 28 is a predicted transmembrane carbonic anhydrase that may concentrate CO2 for photosynthesis 29 by the algae. There are also nine genes potentially participate in nutrient exchanges as they 30 encode highly conserved transporters for sugar, amino acid, ammonium, water, cholesterol, or 1 choline ( Fig. 3f ). 2
To better understand the lineage sequence and temporal dynamics of the Xenia 3 endosymbiotic cells, we developed a Xenia regeneration model. We surgically cut away all 4 tentacles from Xenia polyps and found the stalks regenerated all tentacles in several days ( Fig.  5 4a). Individual tentacles also regenerated into full polyps but requiring a longer time (not 6 shown). BrdU labeling showed that the proliferated BrdU + cells in the gastrodermis began to 7 take up algae at day 4 of regeneration (Extended Data Fig. 5a, b ). We performed scRNA-seq of 8 the regenerating stalks and pooled the data with the scRNA-seq samples described above, 9 followed by clustering them into 13 cell types. Nearly all cell clusters from the non-regeneration 10 samples matched the clusters in the pooled samples and 100% of cells in the endosymbiotic cell 11 cluster 13 in non-regeneration samples are found in the endosymbiotic cluster 13 in the pooled 12 samples (Extended Data Fig. 5c ). This allowed us to define endosymbiotic cells in the 13 regenerative sample. 14 We performed pseudotemporal ordering of the endosymbiotic Xenia cells by Monocle 2 14 15 ( Fig. 4b ), which uses reversed graph embedding to construct a principal curve that passes 16 through the middle of the cells on the tSNE space. Because this trajectory analysis does not 17 provide a direction of cell state progression, we used velocyto 27 to determine the directionality of 18 lineage progression of endosymbiotic cells in the regenerating sample. Velocyto calculates RNA 19 velocity by comparing the number of un-spliced and spliced reads, which measure the expected 20 change of gene expression in the near future, thereby providing the directionality of cell state 21 change. This allowed the identification of early and late stages of endosymbiotic cells in the 22 regenerating sample (Extended data Fig. 5d ). The cell trajectory showed that the early (green) 23 and late (red) stage cells are mapped to the early and late pseudotime, respectively ( Fig. 4c) , 24 revealing the pseudotime represents actual lineage progression. Gene expression modeling 25 revealed significant changes along the pseudotime. Further hierarchical clustering revealed 26 distinct gene expression patterns, which helped us to define four endosymbiotic cell states ( Fig.  27 4d, Supplementary Table 5 ). 28
To further understand the cells in the four states, we compared single cell transcriptomes 29 against transcriptomes from the bulk RNA-seq of FACS-sorted algae-containing or algae-free 30 cells and plotted the expression correlation along the pseudotime. State3 cells showed the 31 strongest correlation with the algae-containing cells followed by state1 and 2, whereas state4 1 cells showed the least correlation ( Fig. 4e ). Thus, state3 represents the mature agal-containing 2 cells. Moreover, whereas state3 cells showed least correlation with algae-free cells, state1 and 4 3 cells showed similar correlations with algae-containing and algae-free cells (Fig. 4e ). These 4 suggest that state1 cells are pre-endosymbiotic progenitors that can transition through state2 to 5 become state3 mature algae-containing cells, while state4 represents post-endosymbiotic cells. 6
Consistent with this, the endosymbiotic marker genes we identified showed a gradual up-7 regulation along the psuedotime from state1 through state2 to peak at state3, followed by a down 8 regulation in state4 ( Fig. 4f ). 9
Analyzing the differentially expressed genes in each state suggests their roles in 10 regulating endosymbiotic cell lineage development. For example, the state1 cells express two 11 genes encoding a Secreted Frizzled-Related Protein (SFRP) and Elk1. SFRP modulates Wnt 12 signaling during development and differentiation, whereas Elk1 is known to regulate cell 13 proliferation and differentiation 28,29 . State1 cells also express a G-protein coupled receptor Mth 14 with an N-terminal extracellular domain, which should allow the creation of specific antibodies 15 that recognize these cells for live-sorting by FACS to aid future characterization of cells at this 16 state. State1 and 2 cells express genes encoding thrombospondin type 1 repeats (TSR). Since 17 TSR binds to CD36, which can convert TGFb to active form to regulate immune tolerance 30 , the 18 TSR-containing genes expressed in state1/2 cells may directly suppress immune response of host 19 endosymbiotic cells during Symbiodiniaceae recognition and uptake. Our analyses suggest state4 20 cells as post-endosymbiotic. Further studies of the genes defining state4 cells should clarify if 21 these cells lose algae due to aging or stress, and if they share features of bleached endosymbiotic 22
cells. 23
Here we demonstrate the power of advanced genomic and bioinformatic tools in studying 24 coral biology. Although we focused on studying the endosymbiotic cell lineage, the regenerative 25 processes for the other cell types can be similarly comprehended as more information becomes 26 available. We reveal 4 distinct Xenia endosymbiotic cell states and propose a lineage progression 27 from state1 progenitors through state2 cells engaging in algae recognition to state3 mature 28 endosymbiotic cells followed by state4 post-endosymbiotic status. Since state4 transcriptome has 29 lowest expression of endosymbiotic marker genes among all four states, we speculate that these 30 post-endosymbiotic cells represent a terminal state, which is either no-longer competent for algae 1 . High quality genome assembly for Xenia sp. a, Xenia sp. grown in a laboratory aquarium. b, An enlarged view of a Xenia sp. polyp with its main sub-structures indicated. Scale bar, 1 mm. c, A summary of Xenia sp. genome assembly and gene annotation. †, genes encoding protein sequences with apparent in frame start and stop codons. d, Comparisons of the assembled scaffold lengths (y-axis) and tallies (x-axis) of 11 sequenced cnidarians including Xenia sp. e, Evolutionary comparisons of Xenia sp. with other cnidarians as indicated. Zebrafish was used as an outgroup. The phylogenetic branch points were assigned with 100% confidence. 
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Coral aquarium 1
The coral aquarium is established in a tank (Reefer 450 system, Red Sea). The artificial 2 sea water made from Coral Pro Salt (Red Sea) was first incubated with live rocks for two months 3 before introducing Xenia sp., other corals, fish, snails, and hermit crabs. The aquarium is 4 maintained at ~80°F with ~25% change of sea water every 1-2 weeks. The light is provided by 5
Hydra 26 TM HD LED (Aqua Illumination) with 60% power on during 10:00 AM to 7:30PM. The 6 fish were fed with fish pellets (New Life Spectrum Marine Fish Formula) and Green Marine 7
Algae (Ocean Nutrition). To enable Nanopore DNA sequencing, we modified a protocol 31 that allowed the 11 isolation of long DNA fragments. For each DNA preparation, one or two Xenia sp. colonies 12 containing ~30 polyps were collected from the aquatic tank and washed 3 times for 5 min each 13
with Ca 2+ and Mg 2+ free artificial sea water (449 mM NaCl, 9 mM KCl, 33 mM Na2SO4, 2.15 14 mM NaHCO3, 10 mM Tris-HCl, 2.5 mM EGTA, pH8.0). Tentacles were cut away as the mucus 15 surrounding them affected the quality of the isolated DNA. The remaining stalks and the bases of 16
individual Xenia colonies were placed in 100 µl DNAzol (Invitrogen) in a 1.5 ml microfuge tube. 17
The tissues were cut into small pieces by a scissor to make the fragment sizes of ~1/10 th of the 18 original size. These fragments were further minced by a small pestle made for 1.5 ml microfuge 19 tubes (Fisher Scientific, 12-141-364). Then 900 µl DNAzol were added followed by vortexing 20 the sample and then transferred to a 15 ml conical tube. 4 ml of DNAzol and 50 µl of 10 mg/ml 21 RNase A were then added to the tube and mixed followed by incubation at 37 o C for 10 min. 25 22 µl of 20 mg/ml proteinase K were then added, mixed, and the tube was incubated at 37 o C for 23 another 10 min. The sample was centrifuged at 5000xg for 10 min. The supernatant was 24 transferred to another 15 ml tube. After adding 2.5 ml ethanol, the tube was gently mixed by 25 inverting several times. The tube was let to stand at room temperature for 3 min followed by 26 centrifugation at 1000xg for 10 min to pellet the DNA. The supernatant was discarded and the 27 DNA pellet was resuspended in with 500 µl TE (10 mM Tris-HCl, 1 mM disodium EDTA, pH 28 8.0) buffer. After the DNA had dissolved, 500 µl of phenol: chloroform: isoamyl alcohol 29 (25:24:1) was added, and the tubed was placed on the Intelli-Mixer RM-2S for mixing using 30 program C1 at 35 rpm for 10 min. The mixture was then transferred to a 2 ml phase-lock gel 31 (QuantaBio, Cat. 2302820) and centrifuged at 4500 rpm for 10 min. The aqueous phase was 1 transferred into a new 2 ml tube, 200 µl 5 M ammonium acetate and 1.5 ml ice-cold ethanol were 2 added followed by centrifugation at 10,000xg for 10 min to pellet DNA. The pellet was washed 3 twice with 1 ml 80% ethanol. After removing as much ethanol as possible, the DNA pellet was 4 left to dry at 42 o C for 1 min, and then resuspended in 50 µl TE buffer. 5 6
Illumina sequencing 7
Genomic DNA prepared as above was fragmented into ~400 bp and libraries were made 8 with ThruPLEX DNA-Seq kit (TaKaRa) according to the manufacturer's manual. These libraries 9
were sequenced using the NEXseq500 platform with NextSeq â 500/550 High Output Reagent 10 Cartridge v2 (Illumina). 11 12
Nanopore sequencing 13
Genomic DNA was used to build Nanopore sequencing libraries with Ligation 14
Sequencing Kit (SQK-LSK108, Oxford Nanopore Technologies), following the manufacturer's 15 manual. For the first 3 runs, genomic DNA was not fragmented in order to generate long reads. 16
To obtain more reads, for the 4 th run of Nanopore sequencing, genomic DNA was sheared to 8-17 10 kilobases by g-TUBE TM (Covaris, 520079). The libraries were sequenced in R9.4.1 flow cells 18 on MinION device (Oxford Nanopore Technologies) and the data were combined for genome 19 assembly. 20 21
Chromosome conformation capture (Hi-C) 22
To perform Hi-C on Xenia sp. tissue, we modified our previously published protocol for 23 nuclear in situ ligation 32 as described in detail below. 24
Fix and dissociate tissues 25
Fix 8 polyps (~10 8 cell) with 4% paraformaldehyde (PFA) overnight. After washing 26 twice with 3.3x PBS 33 and dissociating the tissue in 2 ml 3.3x PBS using a 7 ml glass Dounce 27 tissue grinder (Wheaton), another 3 ml 3.3x PBS was added. The mixture was then transfer to a 28 15 ml conical tube and centrifuged at 1000g for 3 min (Sorvall Lynx 6000 centrifuge, 29
ThermoFisher Scientific). The pellet was washed once with 5 ml 3.3x PBS. 30
Nuclear permeabilization and chromatin digestion 31
The pellet from step 1 was resuspended in 10 ml ice-cold Hi-C lysis buffer (10 mM Tris, 1 pH8.0, 10 mM NaCl, 0.2% NP-40, 1x protease inhibitors cocktail (Roche, 04693132001)) and 2 rotated for 30 min at 4°C followed by centrifugation at 1,000g for 5 min at 4°C. The pellet was 3 washed with 1 ml ice-cold 1.2x NEB3.1 (120µl NEB3.1 to 880µl ddH2O) buffer and transferred 4 to 1.5 ml microfuge tube followed by centrifugation at 1,000g for 5 min at 4°C. The pellet was 5 washed again with 1 ml ice-cold 1.2x NEB3.1 followed by centrifugation. After removing the 6 supernatant, 400 µl 1.2x NEB3.1 buffer and 12 µl of 10% SDS were added to the pellet. P200 7 pipet tip was used to thoroughly resuspend and dissociate the pellet. The mixture was then 8 incubated at 65°C for 10 min at 950 rpm in a Thermomixer (Eppendorf). After cooling the mix 9 on ice for 5 min, 40 µl 20% Triton X-100 was added to the mixture to neutralize the SDS. After 10 carefully mixing by pipetting with a P200 pipet tip and inverting the tube several times, the 11 mixture was then incubated at 37°C for 60 min with rotation (950 rpm) in a Thermomixer. To 12 digest the crosslinked genomic DNA, 30 µl of 50 U/µl BglII (NEB R0144M) was added to the 13 mixture and incubated overnight at 37°C with rotation at 950 rpm in a Thermomixer. 14
Fill in 5'overhang generated by BglII digestion with biotin 15
A nucleotide mix containing dATP, dGTP and dTTP was made by adding 1µl each of 16 100 mM dATP, dGTP and dTTP into 27µl ddH2O. To the 480.0µl BglII digested nuclear 17 preparation from the above step 2, 4.5 µl of the nucleotide mix, 15 µl 1 mM biotin-16-dCTP 18 (Axxora, JBS-NU-809-BIO16) and 10 µl 5U/µl Klenow (NEB, M0210L) were added followed 19 by incubation at 37 o C for 90 min with intermittent gentle shaking at 700 rpm for 10s after every 20 20s using Thermomixer. The tube was also taken out and inverted every 15-20 min. After this 21 incubation, the mixture was kept on ice. 22
Proximity ligation 23
The mixture from step 3 was transferred to a 50 ml conical tube followed by adding 750 24 µl 10x T4 ligase buffer (NEB B0202S, no PEG), 75 µl 100x BSA (NEB), 6140.5 µl water, 25 µl 25 30 U/µl T4 DNA ligase (Thermo Scientific, EL0013), and incubating at 16 o C overnight. 26
Reverse crosslink and DNA isolation 27
25 µl 20 mg/ml proteinase K (Invitrogen, 25530-049) was added into the reaction 28 mixture from step 4 and the mixture was divided equally into 8x1.5 ml microfuge tubes (~950 µl 29 per tube). The tubes were then incubated overnight at 65 o C with rotation at 950 rpm in a NaHCO3, pH 8.5) and incubated for 1 hour at room temperature. After digestion, fetal bovine 1 serum was added to a final concentration of 8% to stop enzymatic digestion. Cell suspension was 2 filtered through a 40 µM cell strainer (FALCON). Cells were counted by hemocytometer and 3 17000 cells per tissue sample were subjected to single cell library preparation using the 10x 4
Genomics platform with Chromium Single Cell 3' Library and Gel Bead Kit v2 (PN-120267), 5
Single Cell 3′ A Chip Kit (PN-1000009), and i7 Multiplex Kit (PN-120262). Libraries were 6 sequenced using Illumina NextSeq 500 for paired-end reads. Read1 is 26 bp while Read2 is 98 7 bp. 8 9 Bulk RNA-seq 10
Total RNA was isolated from 3 polyps, 32 tentacles, or 6 stalks by RNeasy Plus Mini Kit 11 (QIAGEN). To obtain additional transcriptome from different cell types, we dissociated coral 12 tissue into individual cells according to a previously published method 34 and subjected the 13 dissociated cells to OptiPrep based cell separation 35 . Cells with different density were separated 14 into four different layers and RNA was isolated from each layer with the same kit described 15 above. For transcriptome of FACS sorted algae-containing and algae-free cells, 3 polyps were 16 dissociated with the same protocol as used in the scRNA-seq and the dissociated cells were 17 subjected to FACS. Cy5.5 positive and negative cells were collected as algae-containing and 18 algae-free cells, respectively, and used for total RNA extraction as above. cDNA libraries were 19 built according to TruSeq Stranded mRNA Library Prep Kit (Illumina) and subjected to Illumina 20
NextSeq 500 for sequencing. For gene annotation, paired-end sequencing of 75 bp for each end 21 was used. For FACS sorted bulk cell transcriptomes, single end sequencing of 75 bp was used. 22
23
Xenia regeneration and BrdU tracing 24
Individual Xenia sp. polyps were placed into a well of 12-well cell culture plate 25 (Corning) containing 2 ml artificial sea water from the aquatic tank. The polyps were allowed to 26 settle in the well for 5~7 days before cutting away the tentacles. For BrdU tracing, 0.5 mg/ml 27 BrdU was added into the well 2 days prior to sample harvest. The BrdU labeled stalks were fixed 28 by 4% PFA overnight followed by washing with PBST (PBS+0.1% Tween 20) twice for 10 min 29 each. The stalk was then balanced with 30% sucrose overnight followed by embedding in OCT, 30 frozen in dry ice/ethonal and subjected to cryo-sectioning. The slides were washed with PBS 3 31 times for 5 min each time followed by treating with 2 M HCl containing 0.5% Triton X-100 for 1 30 min at room temperature. The slides were then incubated with PBST (0.2% Triton X-100 in 2 PBS) 5 min for 3 times each followed by blocking with 10% goat serum and then incubating 3 with mouse anti-BrdU antibody (ZYMED, 18-0103, 1:200 dillution in 10% goat serum) at 4°C 4 overnight. Slides were washed with PBST 3 times for 10 min each followed by incubation with 5 the secondary antibody (Invitrogen) for 1 hour at room temperature and washing with PBST 3 6 times for 10 min each. The nuclei were counterstained with Hoechst 33342 and the signal was 7 visualized using a confocal microscope (Leica). Clear BrdU signal in the nucleus labeled by 8
Hoechst was counted as a BrdU + cell. If the Xenia BrdU + nucleus was juxtaposed to an alga, it 9
was counted as an alga containing BrdU + Xenia cell. 10 11
Whole mount RNA in situ hybridization 12
To perform RNA in situ hybridization on Xenia, we modified the whole mount RNA in 13 situ hybridization protocol for zebrafish 36 as described below. 14 For making gene specific probes, we design primers (Supplementary table 6) to genes of 15 interest for polymerase chain reaction (PCR) to amplify gene fragments from Xenia sp. cDNA. 16
T3 promoter sequence was added to the 5' of the reverse primers so that the PCR products could 17 be directly used for synthesizing anti-sense RNA probes by T3 RNA polymerase (Promega, 18 P2083) using DIG RNA Labeling Mix (Roche, 11277073910). DIG-labeled RNA probes were 19 purified by RNA Clean and Concentrator-5 (ZYMO), heated to 80°C for 10 min, immediately 20 transferred on ice for 1 min, and then diluted in Prehyb + buffer (50% Formamide, 5XSSC, 50 21 µg/ml Heparin, 2.5% Tween 20, 50 µg/ml SSDNA (Sigma, D1626)) to a final concentration of 22 0.5 µg/ml, and stored in -20°C until use. 23
Xenia polyps were relaxed in Ca 2+ free sea water (described above) for 30 min and fixed 24 in 4% PFA in Ca 2+ free sea water overnight at 4 o C. Fixed polyps were washed with PBST (0.1% 25 Tween 20 in PBS) twice for 10 min each, and then incubated in 100% methanol at -20°C 26 overnight. Next day, the tissues were washed sequentially in 75%, 50%, and 25% methanol for 5 27 min each and then washed in PBST for 10 min. They were then treated with 50 µg/ml proteinase 28 K in PBST for 20 min followed by washing in PBST briefly. The tissues were post-fixed in 4% 29 PFA at room temperature for 20 min and then washed with PBST 2 time for 10 min each. Pre-30 hybridization was performed in Prehyb + at 68°C for 2 h, followed by incubation with probes in
